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Abstract 
Ion implantation and laser processing technologies are very attractive for the fabrication of industrially feasible interdigitated 
back-contact (IBC) solar cells. In this work, p+ emitters were fabricated by boron implantation and laser annealing, and the 
electrical properties of emitters were investigated. An emitter sheet resistance (Rsh) in the range of 30-200 Ω/□ could be achieved 
by varying the implanted dose. The saturation current density (Joe) of the passivated p+ emitter with Rsh of 125 Ω/□ reached 95 
fA/cm2, and the contact resistivity was determined to be as low as 510-6 Ωcm2. Such localized p+ emitters can be applied to n-
type IBC solar cells, which could avoid the high temperature thermal annealing step and related problems.   
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1. Introduction 
N-type interdigitated back-contact (IBC) solar cells have attracted considerable attention because of their 
extremely high efficiency. Key advantages associated with the IBC solar cell design involve no optical shading loss 
with front metal grid (results in high short circuit current density Jsc), independent optimization of surface 
 
 
* Corresponding author. Tel.: +61 02 6197 0112; fax: +61 02 6125 0506. 
E-mail address: xinbo.yang@anu.edu.au 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of the SiliconPV 2014 conference
 Xinbo Yang et al. /  Energy Procedia  55 ( 2014 )  320 – 325 321
passivation and optics at the front, large metal coverage on the rear that minimizes series resistance, and ease of 
adopting n-type Si [1]. However, the complex structure and high fabrication cost, which typically required two or 
more high temperature diffusion and photolithography patterning steps, have limited their commercial mass 
production.  
Recently, interest in ion implantation has been resurrected because of its potential to produce high-efficiency 
advanced cell structures with fewer processing steps [2, 3]. Up till now, high efficiency p- and n-type solar cells 
with boron or phosphorus implanted emitters have been reported, and the implanted dopants were activated by high 
temperature thermal annealing [2-7]. Similarly, patterned ion implantation has been used to fabricate solar cells with 
selective emitter [8]. As for IBC solar cells, it would be very attractive to use patterned ion implantation to form the 
interdigitated p+ and n+ regions at the rear, which could reduce or avoid high temperature diffusion steps and related 
problems. However, it is difficult to anneal the phosphorus and boron implanted areas with the same recipe in a 
single step. Compared to n+ regions formed by phosphorus implantation and thermal annealing, boron implanted p+ 
regions are challenging due to the formation of dislocation loops, incomplete activation, formation of boron rich 
layers, and the solubility limits in silicon during the thermal annealing [2, 4]. Therefore, thermal annealing of boron 
implanted regions require a higher temperature (>1000Ԩ) and longer time. Recently, high quality boron-implanted 
p+ emitters have been obtained by annealing at 1050Ԩ in a non-oxidizing atmosphere [9]. However, there are 
numerous disadvantages associated with high temperature annealing steps including: increased processing time; 
high costs; degradation in bulk lifetime.   
Laser annealing has been developed as a more effective way for processing ion implanted silicon [10, 11]. The 
main advantage is the localised nature of the laser beam, which allows locally melting and doping of the surface area 
without heating the bulk. Experimental results indicated that laser annealing is superior to thermal annealing as a 
method for processing ion-implanted silicon, and the lattice damage can be removed much more efficiently with 
laser annealing [11]. If the boron-implanted p+ region is locally annealed by the laser, and then the phosphorus 
implanted n+ regions could be annealed at a lower temperature, or also annealed by the laser, the high temperature 
steps can be reduced or even avoided, and the fabrication of n-type IBC solar cells could be simplified significantly. 
In this work, localized p+ emitters were fabricated by boron implantation and laser annealing, and the quality of the 
emitter annealed with different laser fluences was investigated by the QSSPC technique. 
2. Experimental procedures 
Symmetrical lifetime test samples for QSSPC measurements were prepared on 100 Ω·cm n-type wafers. After an 
RCA clean, boron was implanted on both sides with a dose between 5×1014 and 5×1015 cm-2 with a low energy of 
5kV at Fraunhofer ISE (Varian VIISta HC). The samples were RCA cleaned again before laser annealing. A pulsed 
KrF excimer laser (248 nm) was used for the annealing. A 3232 mm2 area was annealed with different laser 
fluences on quartered wafers. All the samples were RCA cleaned again and then passivated by plasma enhanced 
atomic layer deposition (PE-ALD) Al2O3 (20nm) followed by a forming gas anneal at 400Ԩ for 30 mins. The 
emitter sheet resistance (Rsh) was measured by a four point probe and the dopant profile was measured by the 
electrochemical capacitance-voltage (ECV) profiling. The effective lifetime (eff), implied Voc (i-Voc) and emitter 
saturation current density (Joe) were obtained by the QSSPC technique. The transfer length method (TLM) was used 
to determine the contact resistivity (c) of the p+ emitters. Aluminium (~1 μm) was evaporated on the emitter, and a 
TLM pattern was defined using photolithography. Current-voltage measurement was done on a Keithley 2425 
Source Meter.  c was obtained from an extrapolation of resistance versus pad spacing.  
3. Results and discussion  
Fig.1 shows the minimum Rsh that can be obtained with different implanted boron doses. With increasing implant 
dose, the minimum Rsh decreases and a higher laser fluence is required to reach the Rsh. The Rsh can be adjusted in 
the range of 30-215 Ω/□ by varying the doses between 5×1014 and 5×1015 cm-2. Doses between 8×1014 and 2×1015 
cm-2 corresponding to Rsh values between 65 and 150 Ω/□, as indicated by the red box, are likely to be most useful 
for solar cell fabrication since for. For high efficiency n-type IBC solar cells, the p+ emitter often has an Rsh of 100-
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120 Ω/□ [1]. Therefore, this work will focus on the annealing of boron implanted samples with an implantation dose 
of 1e15, which resulted in an Rsh of 125 Ω/□.  
 
Fig.1. The minimum Rsh obtained by laser annealing with different implanted boron doses. 
Fig. 2 shows the variation of Rsh and τeff of the samples implanted with the dose of 5×1015 cm-2 as a function of 
the laser fluence. Rsh decreases with increasing laser fluences, and a minimum Rsh of 125 Ω/□ is reached in the 
fluence range between 3.5 to 4.0 J/cm2. For higher fluences, Rsh increases, most likely attributed to the increasing 
evaporation of molten silicon. The τeff of the samples (at the injection level of 1E15 cm-3) initially increases as the 
laser fluence increases. The highest τeff (585 μs) is obtained with a fluence of 3.46 J/cm2, and decreases for higher 
laser fluences. The calibrated PL image of four quarter samples also confirmed the results, as shown in the Fig. 3. 
The sample annealed with a fluence of 3.46 J/cm2 shows the highest PL intensity. The area without laser annealing 
shows a very low PL intensity (almost dark), suggesting the samples have a very low effective lifetime directly after 
the ion implantation, most likely due to sub-surface damage caused during the implant process. The uniform PL 
intensity of the laser annealed areas also indicated that as-obtained p+ emitter shows high doping uniformity. TEM 
results shows that no damage remains in the laser-annealed specimens in the form of dislocations, stacking faults, or 
dislocation loops [11]. By contrast, after thermal annealing (1000Ԩ for 10 min in N2 ambient), the τeff is much lower 
than that of laser annealing [4], and significant damage remains in the form of dislocation loops or B-rich clusters 
[4, 12]. Therefore, lattice damage can be removed much more efficiently with laser annealing than with thermal 
annealing at ≤ 1000Ԩ. 
  
 
Fig. 2. Variation of Rsh and τeff of the samples as a function of laser fluence. 
 
Fig. 3. Calibrated PL image of the implanted samples 
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annealed with different fluences. The unit is microsecond.  
Fig.4 shows the Joe and i-Voc of the passivated samples annealed with different fluences. The Joe values were 
extracted from the QSSPC measurement using the high injection method. The Joe of the samples decreases as the 
fluence increases, and a minimum value of 95 fA/cm2 (extracted at the injection level of 1E16) is obtained with a 
fluence of 3.46 J/cm2. A maximum i-Voc of 650 mv is achieved at the same fluence, which is much higher than that 
obtained via thermal annealing (589 mV) [4]. For higher fluence, the Joe value increases and i-Voc decreases again. 
The Joe of un-passivated samples show a similar trend, and a minimum Joe value of 2000 fA/cm2 can be achieved. 
After thermal annealing at 1000Ԩ for 20 min, a higher Joe value of 180 fA/cm2 was achieved [13]. Dislocation 
loops or B-rich clusters show stable characteristic even at temperature up to 1000Ԩ [12], giving rise to a drastic 
increase of SRH recombination rate in the emitter. Until the annealing temperature was increased to 1050Ԩ, a low 
Joe value of 34 fA/cm2 could be obtained, which is close to the calculated theoretical limit of 20 fA/cm2 [9]. The 
results indicate that the implantation damage can only be sufficiently removed when annealed at a high temperature 
of 1050Ԩ. The relative high Joe value for the laser annealed emitter mainly could be attributed to high boron surface 
concentration (shown in Fig. 5). Moreover, the laser induced defects (mainly point defects) during the high speed 
recrystallization [14] may also increase the Joe, which could be improved by heating the substrate during the 
annealing [15].  
 
Fig. 4. The Joe and implied Voc of the passivated samples annealed with different fluences. The Joe of unpassivated samples is also shown. 
Fig. 5 shows the ECV dopant profile of boron implanted (1×1015 cm-2) samples annealed with different laser 
fluences. As the laser fluence increases, the surface concentration decreases and the junction depth increases. 
Compared with the diffused emitters, a relative high surface concentration and shallow junction depth is observed 
for as-obtained emitters. For the sample annealed with the optimized fluence of 3.46 J/cm2, the surface 
concentration (7.71019 cm-3) is higher and junction depth (0.25 μm) is smaller than that of corresponding thermal 
annealed samples (surface concentration 31019 cm-3, junction depth 0.60 μm) [9], which is shown together in 
Fig.5. The different dopant profiles can be attributed to the different annealing mechanisms. Laser annealing 
involves melting of the Si crystal in the near-surface region, dopant diffusion in the molten state, and, subsequently, 
liquid phase epitaxial regrowth from the underlying substrate. Implanted dopants will occupy substitutional sites in 
the silicon lattice after annealing, even when the dopant concentration far exceeds the limits of equilibrium solid 
solubility [11], which is support by the fact that all the implanted boron is active for the laser annealed samples. 
Usually, the junction depth is somewhat shallower than the melt depth. However, thermal annealing relies heavily 
on the solid phase epitaxial regrowth of the damaged near-surface region and activation of the implanted ions. This 
can lead to more defective material due to the propagation of defects from the amorphous/crystallize interface. 
Müller et al.’s work also proved that for dose higher than 3×1015  cm-2, the implanted boron can’t be fully activated 
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at 1050Ԩ ሾͻሿǤ Usually, c could benefit from a high surface concentration. According to the TLM results, an average 
low c of  510-6 Ω cm2 with evaporated aluminium is achieved, indicating a good electrical contact of aluminium 
to the boron implanted, laser annealed p+ emitter.   
 
 
Fig. 5. ECV profile of boron implanted samples annealed with different laser fluences. The SIMS profile of thermally annealed boron implanted 
emitter from Ref. [9] is shown for comparison.  
4. Conclusions 
The properties of boron implanted, laser annealed p+ emitters for n-type IBC solar cells have been investigated 
and compared with those achieved via thermal annealing. As-obtained p+ emitters show a high surface boron 
concentration, shallow junction depth, a low Joe of 95 fA/cm2, and an average c of 510-6 Ω cm2 with evaporated 
aluminium can be achieved on the emitter with Rsh of 125 Ω/□. The results indicate that localized laser annealing 
provides an efficient way to anneal boron implanted p+ emitters. With both laser and ion implantation technologies 
(laser annealing and laser contact opening and separation, and patterned ion implantation), high efficiency n-type 
IBC solar cells should be able to be fabricated without any costly and/or time consuming high temperature 
(diffusions or annealing) and photolithography (patterning) processing. A simplified and low cost fabrication 
technology for high efficiency n-type IBC solar cells could therefore be developed. However, the electrical 
properties of boron implanted, laser annealed p+ emitters have to be improved in the future.  
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